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Abstract Spectroscopic ellipsometry measurements are
performed on thin pentacene films grown on glass, SiO2,
and n-Si substrates. The Gauss–Lorentz oscillator model
is shown to be effective in modeling the π–π∗ transitions
found in organic compounds. The effective medium approx-
imation that considers the surface roughness of the films,
which can be significant in case of pentacene, is also shown
to be a key factor in precisely determining their dielectric
functions. The proposed method reveals that there are some
quantitative differences in the optical properties of the pen-
tacene films prepared on different substrates.
1 Introduction
Pentacene (C22H14) is an organic material attracting much
attention as a hole transport layer in various electronic de-
vices. Thin pentacene films have been widely used in or-
ganic field-effect transistors (OFETs) [1] mainly due to
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the polycrystalline nature leading to high hole mobilities
[2, 3]. Thin pentacene films have also been used as pho-
toactive hole transport layers in organic photovoltaic (OPV)
cells [4, 5], photodiodes [6], and phototransistors [7, 8]. In
contrast to OFETs that presumably operate in dark condi-
tions, the complex dielectric function ˜(ω) = 1(ω)+ i2(ω)
serves as an important set of information in understanding
and optimizing organic photonic devices. For instance, the
structure of multilayer thin-film OPV cells can be optimized
to yield a large photocurrent based on the optical model that
is a function of the thickness and complex dielectric func-
tions of each participating layer [9, 10].
In such respect, there have been efforts to obtain the com-
plex dielectric functions of thin pentacene films in the visi-
ble region (1.5–2.2 eV) [11] as well as in the far-infrared re-
gion [12]. We note that pentacene thin films typically have a
surface roughness the degree of which can vary significantly
depending on the preparation condition. The presence of a
surface roughness can influence the ellipsometric data, and
thus one could over- or underestimate the true optical con-
stants of a given thin film unless its effect is correctly taken
into account. To make things more complicated, the differ-
ent preparation conditions for pentacene films can result in a
different polymorph, which can impact their electronic and
thus optical properties. Therefore, it is crucial to establish
an effective and robust way to extract the optical properties
of pentacene, or organic material in general, regardless of
preparation conditions. Here, we show that a combination
of a Gauss–Lorentz oscillator model and effective-medium
approximation (EMA) can precisely determine the dielectric
functions of thin pentacene films deposited on some rep-
resentative substrates that may be of interest for optoelec-
tronic device applications [4, 6, 8]. It is revealed that the di-
electric functions of those pentacene films on different sub-
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Fig. 1 Two-dimensional atomic force microscopy (AFM) images of
thin pentacene films on glass, SiO2, and n-Si from the left. The scan
size of each image is 5 × 5 µm2
strates have significant difference. The possible origin of the
substrate-dependent optical properties is also discussed.
2 Experimental details
2.1 Film growth and characterization
Nominally 100 nm thick pentacene films were deposited on
a microscope slide (later on, referred to as glass), thermally
grown SiO2 on n-Si (later on, referred to as SiO2), and n-Si
substrates by vacuum sublimation at a base pressure of less
than 10−7 Torr as described previously [4]. Substrates were
held at room temperature during the depositions.
Two-dimensional atomic force microscopy (AFM) im-
ages of thin pentacene films prepared on the glass; SiO2 and
n-Si substrates are shown in Fig. 1. It shows the relatively
high crystallinity with grains of a few hundred nanometers
for thin pentacene films on SiO2 and n-Si and the rather
poor crystallinity with smaller grains for pentacene films on
glass. X-ray diffraction results show a consistent trend, that
is, large peaks for films on SiO2 and n-Si, and small peaks
for films on glass (see Fig. 2). The fact that films on glass
substrates has a poor crystallinity is not surprising consid-
ering the typical roughness of a microscope slide glass. If a
polished glass substrate is used instead, it is likely that the
crystallinity similar to that of the films grown on SiO2 is ob-
tained. The main purpose of this work is not to grow highly
crystalline pentacene films but to obtain the optical proper-
ties of those with varying degree of morphologies and crys-
tallinity that can be found in various kinds of experiment.
2.2 Variable angle spectroscopic ellipsometry
Note in AFM images that surface roughness Rrms of the pen-
tacene films holds a significant portion of the total thick-
ness (see Fig. 3 and Table 1). In spectroscopic ellipsom-
etry, such roughness can be conveniently modeled using
the EMA [13]. With this approximation, we used a multi-
layer model in which the layers are a substrate layer, a neat
thin pentacene film layer, and a surface roughness layer.
In addition, noting the previous report that the use of only
Lorentzian or Gaussian model tends to provide a rather poor
Fig. 2 XRD spectra of thin pentacene films on glass, SiO2, and n-Si
from the top
Fig. 3 Schematic diagram of
each sample used in the
analysis. Model layers are
composed of rough surface
roughness layer, neat pentacene
film layer, and a substrate
Table 1 Surface roughness analysis using AFM and roughness pa-
rameter and 1 offset (1(∞) = ∞) used in ellipsometric analysis.
Rrms is the experimental root-mean-square thickness and RSE was de-





fit to experimental data of thin organic films [14, 15], we em-
ployed the so-called Gauss–Lorentz oscillator model similar
to the model developed by Kim and Garland for inorganic
semiconductors [16]. In this model, contributions from both
models are combined to explain the net lineshapes that result
from various broadening mechanisms.
3 Theory
3.1 Definitions of basic ellipsometric terms
Spectroscopic ellipsometry uses the change in the state of
polarization of light upon the reflection off the sample. This
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change is related to the dielectric functions through the mea-
surements of  and , where tan() is the amplitude ratio
of complex reflection coefficients and  is the phase change
in p and s direction. The complex quantity ρ˜ is defined by
ρ˜ ≡ r˜p
r˜s
= |r˜p||r˜s | e
i(δp−δs ) ≡ tan() exp(i), (1)
where r˜p and r˜s (δp and δs ) are the complex reflection coef-
ficients (phase changes) for light polarized parallel (p) and
perpendicular (s) to the plane of incidence. More details on
the spectroscopic ellipsometry is discussed elsewhere [13].
3.2 Model dielectric function: Gauss–Lorentz model
The dielectric function in the interband transitions of a semi-
conducting material is related to their electronic structure.






dk|Pcv(k)|2δ[Ec(k) − Ev(k) − ω],
(2)
where µ is the mass, the Dirac δ function represents the joint
density of states between the conduction and valence bands
with the difference in energy ω, Pcv(k) is the matrix ele-
ment between conduction and valence band states, and the








where  is the volume of the unit cell, pμ is the compo-
nent of the moment operator, and uck and uvk is the wave
function at conduction and valence band at k.
Kim and Garland model states that following line
shapes [16]





















where Jcv(E) is the joint density of states between a pair of
bands and Pcv(E) is the weighted-average matrix element of
the momentum operator. In order to obtain a usable formula
for ˜n(ω), they expand γn(s) as a power series in s = t/,
where t is time, and express it up to a linear term:
γn(s) = 
n + 2σ 2n s. (5)
If there is no effect of line broadening (γn(s) → 0) for nth
oscillator ˜n(ω), (4) is reduced to the typical optical transi-
tion formula






















If the joint density of state function Jcv(E) is replaced by
a Dirac δ function δ(E − ω) in the integral, (4) yields the
results



















If we disregard the 1 offset 1, which will be considered
in the actual fitting process and is not usually 1, and set
8πe2
∑
c,v[Pcv(ω)]2/m2ω2 ≡ An, then the resulting nth











The resulting model dielectric function used in this study
is called the Gauss–Lorentz oscillator type. The nth Gauss–
Lorentz oscillator model is expressed in (8), where γn(s) =

n + 2σ 2n s (s = t/) is the broadening of the nth oscillator,
An is the amplitude, and En is the critical point (CP) energy.
The resulting dielectric function corresponds to ˜(ω) =∑
n ˜n(ω). This peak function is Kramers–Kronig consis-
tent and the broadening varies smoothly between Lorentzian
(
n) and Gaussian (σn). In the fitting procedure, for conve-
nience of the practical fit procedure, broadening is allowed
to vary smoothly between Lorentzian (
n) and Gaussian
(σn). The quantities Brn and Bmixn are further defined
through the following relations
Br2n = 
2n + σ 2n ; eBmixn = 
n/σn. (9)
The intermediate parameters 
n and σn indicates how much
each type of broadening contributes to the broadening. That
is, by changing the values of Brn and Bmixn, the shape of
each oscillator can be easily controllable in the ellipsomet-
ric software window (e.g., WVASE32(R), J.A. Woollam). In
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Fig. 4 Comparison of 2 for a Gaussian, Lorentzian, as well as sev-
eral Gauss–Lorentz oscillators in different cases. An = 1, En = 3 eV,
Brn = 0.2 eV, and Bmixn is as indicated in the legend
these ways of parameterization, the shape parameter Bmixn
is almost independent of the peak position, width, or area
of the oscillator. When Bmixn is negative, the broadening is
more Gaussian and when Bmixn is positive, the broadening
is more Lorentzian from (9), as shown in Fig. 4.
3.3 Effective medium approximation
As briefly introduced in Sect. 3.1, in order to give more pre-
cise determination of the dielectric functions, we carried out
the effective-medium approximation (EMA) in which the
surface roughness layer is assumed as a physical mixture of
the underlying pentacene and a void. The Bruggeman EMA
used in this analysis is defined by
fPc
˜Pc − ˜
˜Pc + 2˜ + fvoid
˜void − ˜
˜void + 2˜ = 0, (10)
where fPc and fvoid are the volume fractions of pentacene
and a void, respectively, ˜Pc is the dielectric functions of
pentacene, and ˜ is the resulting dielectric function of an
EMA layer (˜void = 1) [13]. Using the relationships fvoid =
1 − fPc and ˜void = 1, (10) is reduced to
fPc
˜Pc − ˜
˜Pc + 2˜ + (1 − fPc)
1 − ˜
1 + 2˜ = 0. (11)
4 Results and discussion
4.1  and  fit
Figure 5 shows the experimental and the calculated best-fit
 and  spectra at φ0 = 55◦ and 60◦ for thin pentacene
film on n-Si in the spectral region of 0.7-3.1 eV. The calcu-
lated best-fit spectra were obtained using the Gauss–Lorentz
model dielectric function (8) and (11) with predetermined
dielectric function of bare n-Si substrate and the thickness
Fig. 5  and  fits of thin pentacene films on n-Si
Table 2 Transition energies of the main features in the extinction co-
efficient on glass, SiO2, and n-Si. They are compared with the experi-
mental measurements by Park et al. [11] and the calculation results by
Tiago et al. [22]. All the values of transition energies are in eV
Optical transition Glass SiO2 n-Si n-Si [11] Calc. [22]
EA 1.86 1.82 1.82 1.82 1.73
EB 1.96 1.94 1.94 1.94 1.86
EC 2.13 2.09 2.10 2.11 2.13
ED 2.27 2.26 2.25 2.25 2.27
of each layer (n-Si, pentacene film, and EMA). Arrows in-
dicated in Fig. 5 shows the optical transitions of thin pen-
tacene film, which are also shown in Fig. 6, tabulated in Ta-
ble 2, and discussed in Sect. 4.2. With the use of a surface
roughness layer and the Gauss–Lorentz model, experimental
ellipsometric parameters  and  [18] were tightly fitted to
model predictions with a significantly reduced mean squared
error (see Fig. 5). The thickness of surface roughness layer,
which can be estimated from the iterative fitting procedure,
shows a good agreement with the actual roughness measured
by AFM, confirming that the proposed method worked well
as expected (see Table 1).
4.2 Optical properties
Figures 6(a) and 6(b) show the refractive indices n and the
extinction coefficients k of thin pentacene films on glass,
SiO2, and n-Si in the spectral region of 1–3 eV. One can
easily observe that there are clear differences in the shape of
the optical function measured in pentacene film deposited
on different substrates.1
1The overall shape of the optical functions n and k of a pentacene film
on n-Si in this work is in good agreement with that in Park et al. [11],
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Fig. 6 Optical functions n and k of thin pentacene films on glass,
SiO2, and n-Si
Broad band tail, which is similar to Urbach’s tail [19] in
inorganic semiconductors, is seen in the extinction coeffi-
cient of a pentacene film on SiO2 and n-Si while it is not
seen in that of a pentacene film on a glass substrate. Lang
et al. [20] showed that even the purified single-crystal pen-
tacene can have sufficient impurities to have band tails that
are even broader than those observed in inorganic amor-
phous semiconductors. The fact that such a tail is not ap-
parent in a film on glass may suggest that the collective in-
teraction is less significant therein due to its relatively poor
molecular ordering, while it can be more significant in films
on n-Si and SiO2 with a higher degree of ordering.
In the extinction coefficient k of a pentacene film on
glass, we obtain four optical transition energies EA, EB ,
EC , and ED with values of 1.86, 1.96, 2.13, and 2.27 eV,
respectively, which are in quantitative agreement with those
obtained by Park et al. [11]. The first two optical transition
energies, EA and EB , can be assigned to S1 excitons with a
Davydov splitting of 0.1 eV that originates from the differ-
ent orientations of two pentacene atoms in a unit cell [21].
EC and ED can be regarded to be associated with the excita-
tions to the next vibronic states of the S1 excited state [20].
For reference, HOMO-LUMO energy gap EG is determined
by the spectra of photoconductivity and it was previously re-
but the absolute amplitudes of the oscillators in this work are larger
than those appearing therein. This is because the surface roughness is
considered here to include the effect of voids.
ported that EG of the single-crystal pentacene was around
2.2 eV [19, 20, 22].
Another distinction is a small and broad peak that is
found around 1 eV in the extinction coefficient of pentacene
films on SiO2. This structure appears to result from the de-
fects formed in these films. According to deep-level tran-
sient spectroscopy measurements by Yang et al. [23], pen-
tacene films on SiO2/Si substrates showed the energy levels
of hole and electron traps located at Ev +0.24 eV, Ev +1.08
eV, Ev + 0.31 eV, and Ec − 0.69 eV. Also, this is predicted
by first-principles pseudo-potential density functional cal-
culations of the oxygen-induced gap state (OH defect) by
Northrup and Chabinyc [24], where gap state is also shown
at E ∼ 1 eV. However, it is not yet clear why such a feature
is not observed in the films grown on the other substrates
studied.
Note that pentacene layers are deposited mostly on ITO
or on PEDOT:PSS on ITO for OPV while they are deposited
on SiO2 for phototransistors and on n-Si for photodiodes.
Although the optical constants for pentacene films on ITO
was not done in this study for simplicity’s sake (optical con-
stants of ITO are a subject of intense study by itself), in-
dependent study indicates that the values obtained from the
one on the glass slide can be used to describe the overall
shape of the optical transmission of the pentacene on ITO as
well as the external quantum efficiency spectra of the cor-
responding OPV devices relatively well. It is regarded that
such applicability stems from the similarity in degree of or-
dering between pentacene films on glass and those on ITO
glasses. Details will be described elsewhere [25].
5 Summary
We have determined the optical functions of thin pentacene
films prepared on glass, SiO2, and n-Si substrates using
spectroscopic ellipsometry. Gauss–Lorentz oscillator model
and effective medium approach were introduced to describe
the optical transitions in pentacene films and the effect of
their surface roughness. The proposed method led to an ex-
cellent fit to the experimental ellipsometric data with a low
mean squared error in all the cases studied here. It was re-
vealed that there are some quantitative differences in the op-
tical properties of the pentacene films prepared on different
substrates. Although the present study is confined to pen-
tacene films, it can be applied to many kinds of similar or-
ganic materials, and thus we believe the present work has
important implications for the design and analysis of vari-
ous organic optoelectronic devices.
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